Emmetropization is dependent on visual feedback and presumably some measure of the optical and image quality of the eye. We investigated the effect of simple alterations to image contrast on eye growth and refractive development. A 1.6 cyc/deg square-wave-grating target was located at the end of a 3.3 cm cone, imaged by a +30 D lens and applied monocularly to the eyes of 8-day-old chicks.
Introduction
It is well known that emmetropization is a vision-dependent process and that visual disturbances can lead to myopia development (reviewed in Goss & Wickham, 1995; McBrien & Barnes, 1984; Wallman & Winawer, 2004; Wildsoet, 1997) . In many animals, reducing the quality of the visual information by covering the eye with a diffuser results in myopia (reviewed in Morgan, 2003; Wallman & Winawer, 2004) and the more severe the image degradation the greater the degree of myopia that is produced (Bartmann & Schaeffel, 1994) . These effects on eye growth are presumed to be due to reductions in the spatial frequency content, contrast of the image (Bartmann & Schaeffel, 1994; Smith & Hung, 2000; Wallman, Gottlieb, Rajaram, & Fugate-Wentzek, 1987) and overall luminance (Feldkaemper, Diether, Kleine, & Schaeffel, 1999) . While graded occluders (Bartmann & Schaeffel, 1994; Smith & Hung, 2000) have been used to alter the contrast of the image there has been no systematic study of the effect of alterations to the contrast of the target itself on eye growth.
The chick is a well-accepted model for eye growth research, with form-deprivation myopia being first described in this model in the late 1970s (Wallman, Turkel, & Trachtman, 1978) . The acuity of the young chick has been assessed in a number of studies with reported values ranging from 1.5 to 12.9 cyc/deg depending on the method employed (behavioural: 1.5 cyc/deg, jumping stand, Over & Moore, 1981; 7.7-8.6 cyc/deg, optokinetic nystagmus head tracking response, Schmid & Wildsoet, 1998; objective: 12 .9 cyc/deg, retinal ganglion cell density, Ehrlich, 1981) . The contrast threshold of the chick, assessed using the optokinetic nystagmus (OKN) response, lies between 4 and 11% (a narrower threshold range was not obtained for technical reasons) with greatest sensitivity at a spatial frequency of 1.2 cyc/deg (Schmid & Wildsoet, 1998) . This is similar to the reported peak contrast threshold of 7% at 1 cyc/deg in pigeon (Hodos, 1993) .
In the chick, spatial frequencies of about 1 cyc/deg appear to be most critical for the emmetropization system; higher (4.3 cyc/deg) and lower spatial frequencies (about 0.1 cyc/deg) were not as effective at inhibiting myopia development (Schmid & Wildsoet, 1997) ; although the role of spatial frequency in eye growth has not yet been fully characterised. In terms of contrast, it is clear that targets with no structure or that are of such low contrast as to be essentially blank produce form-deprivation myopia (Bartmann & Schaeffel, 1994; Schmid & Wildsoet, 1997) . The present study was designed to determine the contrast threshold for emmetropization, that is, the contrast level below which myopia occurs, and the minimum contrast requirement for the maintenance of emmetropia in the chick. We also sought to determine whether this contrast value was related to the behavioural contrast threshold previously measured using OKN (Schmid & Wildsoet, 1998) . Unlike in previous experiments where either diffusers were used or where aperiodic visual targets were used (Bartmann & Schaeffel, 1994; Schmid & Wildsoet, 1997) , we ensured that the mean luminance to which the eye was adapted remained the same for different treatments, only the contrast varied. To achieve this we used a stimulus the luminance of which was modulated equally above and below the mean level.
Methods
Day old Rhode Island Red/White cockerels (Gallus gallus domesticus) were obtained from a local hatchery (Bond Nelbex, Brisbane). Animals (n = 88 in total) were kept in light (12 h diurnal cycle; lights on at 07:00) and temperature (30°C) controlled housing. Lighting was provided by overhead cool white fluorescent lights, which gave 1000 lx at the level of the food troughs. Food and water were given ad libitum.
On day 8, a cone-shaped imaging system was applied monocularly to the chicksÕ right eyes. The cones were made from a grey translucent polyethylene. The cones provided a 60°view and targets were placed at the end of the cone (3.3 cm) to produce a controlled visual environment, which was imaged by a +30 D lens (Nevin, Schmid, & Wildsoet, 1988; Wildsoet, Nevin, & Schmid, 2000; Wildsoet & Schmid, 2001) . For the combinations of lens power and target distance used here, thin lens approximations and thick lens step along vergence calculations give defocus values which differ by 3.6 D. Thin lens formulae give zero target defocus when the target is positioned at 3.3 cm and the lens power is +30 D. In comparison, thick lens formula and step along ray tracing based on the anatomy of the chick eye gives relatively more hyperopic defocus at the corneal plane (Tunnacliffe & Hirst, 1996) . The thin lens formula appear to give a closer value to the likely actual defocus level, because (i) small errors in lens and target position can alter the amount of defocus on the target from that calculated, (ii) the image in the cone appeared clear to an emmetropic human observer when superimposed over the image of a distance target viewed with the other eye, and (iii) chicks reared previously wearing this same cone/lens system develop +1.44 ± 1.51 D of relative hyperopia in response to a high contrast varied spatial frequency target that should provide more than adequate information for emmetropization (Schmid, Brinkworth, & Wallace, 2003) . In addition the refractive error of chicks at the time treatment commenced (sample of chicks, day 8, n = 10, treated = 2.63 ± 0.4 D, control = 2.8 ± 0.6 D, paired t-test, p = 0.333) would further alter the amount of defocus experienced. In terms of defining the treatment effect it is the difference in focus between the two eyes that is the critical value. Thus based on our past experience with this system isometropia to 1.5 D of relative hyperopia should be measured for a target with properties that meet the criteria for accurate emmetropization. The induced defocus should be constant across the treatment groups and thus any variations in the data of the groups would not be due to this factor but due to the variation in target contrast.
The targets consisted of a 1.6 cyc/deg square-wave-grating, angled at 45°clockwise from the vertical (the spatial frequency of the target was calculated from the linear size of 1 cyc of the grating, the distance to the eye and the magnification of the spectacle lens, SM = 1.2). Spectacle magnification (SM) was calculated using the formula (Jalie, 1984) : SM = qL/(1 À xL 0 ); q = distance from the entrance pupil of the eye to the object, x = distance from the second principal plane of the lens to the entrance pupil, L = object vergence at the first principal plane of the lens, L 0 = image vergence at the second principal plane of the lens. This spatial frequency was chosen as it is close to the reported spatial frequency peak of the chickÕs contrast sensitivity function (Schmid & Wildsoet, 1998) and its presence ensures emmetropization should occur (Schmid & Wildsoet, 1997) . As the grating was a square-wave, with sharp edges, the target would contain a fundamental spatial frequency of 1.6 cycles and higher harmonic spatial frequencies (although at lesser power; Bracewell, 1965) .
Eleven different contrasts were tested: 95% (n = 8), 67% (n = 8), 47.5% (n = 9), 33.5% (n = 8), 24% (n = 7), 17% (n = 9), 12% (n = 8), 8.5% (n = 8), 4.2% (n = 7), 2.1% (n = 8), and 0% (blank, n = 8) (Fig. 1 ). Targets were illuminated both through the translucent sides of the cone and from behind as the targets were translucent. Luminance values of the targets positioned within the cones and under the lighting conditions of the rearing environment were measured using the Topcon luminance colorimeter BM-7. The average mean luminance was kept as constant as possible and varied from 21.63 to 21.65 cd/m 2 across the 11 targets. The targets were developed in Adobe Illustrator 9.0 and printed on 100 GSM (grams per m 2 ) paper on a Fiery XP12 colour printer and laminated. The percent Michaelson contrast of the gratings was calculated using
, where L max is the maximum luminance and L min is the minimum luminance of the grating. This was estimated by measuring the luminance of the darker and lighter portions of the grating targets, printed using the same process (same computer, software, printer, paper and laminated) as that for the actual grating targets but as large squares, and measured under luminance conditions that gave the same mean luminance of the gratings as that when measured for the gratings directly in the cone system.
In order to investigate the influence of the +30 D lens on the optics of the chick eye, and particularly on the contrast of the visual targets, we modelled the 2 week old chick eye using OSLO Lite software (Lambda Research Corporation, Littleton, MA). The eye model was based on the data of Schaeffel and Howland (1988a) . We examined the polychromatic and monochromatic modulation transfer functions (MTFs), in the range of 0-20 cyc/deg, of the normal chick eye with a 3 mm pupil focused at infinity and for the chick eye with a +30 D polymethylmethacrylate (PMMA) contact lens focused at 3.3 cm. We optimized focus for both eyes using minimum optical path difference (OPD) criteria for both monochromatic and polychromatic light.
Our results showed that the MTF for the normal eye with no lenses was essentially diffraction limited at 20 cyc/deg in both monochromatic and polychromatic light. The polychromatic MTFs for chicks wearing +30 D lenses were diffraction limited up to 4 cyc/deg. At higher spatial frequencies, 8, 12, 16, and 20 cyc/deg, the MTFs differed from the diffraction limit by 1, 2, 3, and 4.7% reductions in contrast respectively. These reductions in contrast were deemed to be negligible (particularly for the 1.6 cyc/ deg spatial frequency used here), and therefore we made no corrections to our measured contrast values of the targets.
The chicks wore the lens/cone system constantly except for brief periods (<1 min/day) when they were removed for cleaning. Eyes were covered at all times when the cones were removed. The lens/cone system that required cleaning was replaced immediately with an identical pre-cleaned lens/cone system. After 4.5 days of treatment, measurements of refractive error and axial dimensions were made, under 2% isoflurane in oxygen, using streak retinoscopy (Heine Beta 200, Munich) and A-scan ultrasonography (using a 7.5 MHz transducer, Panametrics, Massachusetts), respectively. Refractive errors were measured to the nearest 0.25 D and results for the two principal meridians averaged for use in subsequent data analyses.
Measurements were made of the treated and untreated eyes and interocular differences (treated minus untreated) calculated. The data were analysed using factorial ANOVA (with contrast as the independent factor) and all comparisons between contrast groups made using post hoc tests. The Tukey HSD post hoc test was used except when the data were not homogeneous (based on LeveneÕs test), this occurred for the refractive error difference data and here the Dunnett T3 test was used. Statistical significances were determined for the differences in refractive error, anterior chamber depth, lens thickness, vitreous chamber depth and axial length of the eyes between groups of chicks reared with intermediate contrast targets and those reared with either the lowest (0%) or highest (95%) contrast target. Curve fitting of refractive error, vitreous chamber and axial length data as a function of contrast was performed using the curve fit functions in SPSS (Statistical Package for the Social Sciences) here the simplest curve fit that significantly 2.1% 4.2% 8.5% 12% 17% 24% 33.5% 47.5% 67% 95% Fig. 1 . Diagrammatic representation of the cone-shaped imaging system used to control the visual environment of the chicks and the 1.6 cyc/deg square wave grating target that varied in contrast. In total there were 11 different targets that varied in contrast between 0 and 95%. The target was placed at the end of the 3.3 cm cone and was imaged by a +30 D lens. The lens/cones system was then applied monocularly using velcro.
fitted the data was selected. Numbers of animals for each different contrast group that developed relative myopia greater than 2 D (i.e. a reasonable amount of myopia) were also determined. Data presented are mean ± SD unless stated otherwise.
Results
The contrast of the target had a significant effect on refractive error, lens thickness data, vitreous chamber depth and axial length (RE treated eyes: F 10,86 = 18.143, p < 0.0005, RE diff: F 10,86 = 12.420, p < 0.0005; LT treated eyes: F 10,86 = 8.381, p < 0.0005, LT diff: F 10,86 = 2.522, p = 0.011; VC treated eyes: F 10,86 = 3.494, p < 0.005, VC diff: F 10,86 = 8.756, p < 0.0005; AL treated eyes: F 10,86 = 3.831, p < 0.0005, AL diff: F 10,86 = 9.240, p < 0.0005), but no significant effect on anterior chamber depth (AC) (AC treated eyes: F 10,86 = 0.913, p = 0.526, AC diff: F 10,86 = 0.873, p = 0.562). The effects on refractive error and eye growth are described in more detail below; treated and control eye data (RE, VC, AL) are shown in Fig. 2 and the interocular difference data in Fig. 3 .
The refractive error of treated eyes that viewed the lowest contrast targets (0, 2.1, and 4.2% contrast) were on average 10 D more myopic than those groups that viewed the highest contrast targets (95, 67, 47.5%) (Fig. 2) .The difference in treated eye refractions reached statistical significance for the comparisons between the lowest target contrast group (0%, À7.66 ± 4.54 D) and all contrast groups of 17% contrast and higher (17%, 0.56 ± 2.26 D, p < 0.05; 24%, 0.71 ± 1.87 D, p < 0.05; 33.5%, 0.94 ± 1.82 D, p < 0.05; 47.5%, 3.49 ± 1.76 D, p < 0.005; 67%, 4.09 ± 1.67 D, p < 0.005; 95%, 5.5 ± 1.60 D, p < 0.005, Dunnett T3). Differences in treated eye refraction also reached statistical significance for the comparisons between the highest contrast group (95%) and four out of six of the contrast groups of 33.5% target contrast and lower (0%, p < 0.005, 2.1%, À5.34 ± 2.53 D, p < 0.001, 4.2%, À4.46 ± 1.56 D, p < 0.001, 17%, p < 0.02; 24%, p < 0.005; 33.5%, p < 0.01, Dunnett T3). In addition the data for target contrasts between 17% and 67% were also significantly different from that for 2.1% and 4.2% contrast targets (p < 0.02 for all comparisons, Dunnett T3). Across the contrast groups there were significant differences between the vitreous chamber depths of treated eyes, however, these differences were not always in a manner that appeared related to the contrast level. For example while there were statistically significant differences between the data for the highest contrast target (95%) and targets of mid to low contrast (24%, p < 0.02; 12%, p = 0.05; 8.5%, p < 0.01; 4.2%, p < 0.02) the difference was not significant for the lowest contrast targets (2.1% and 0%). There were also differences between the axial lengths of treated eyes that mirrored that for the vitreous chamber depth.
Control eye refractive errors were on average 2 D more myopic for those contrast groups where the treated eyes were highly myopic compared to those groups where the Contrast is plotted on a log 10 scale. The contrast of the target had a significant effect on refractive error, vitreous chamber depth and axial length of treated eyes (RE: F 10,86 = 18.143, p < 0.0005, VC: F 10,86 = 3.494, p < 0.005, AL: F 10,86 = 3.831, p < 0.001). Control eye refractive errors were on average 2 D more myopic for those contrast groups (0-4.2%) where the treated eyes were highly myopic compared to those groups where the treated eyes were not as myopic (F 10,86 = 3.841, p < 0.0005). Mean control eye vitreous and axial data vary by 0.2 mm across the groups in no consistent fashion. The effect of the variation in target contrast on eye growth is better observed in Fig. 3 . treated eyes were not as myopic (F 10,86 = 3.841, p < 0.0005) (Fig. 2) . The difference in control eye refraction reached significance for the comparisons between the 0% contrast group (1.45 ± 1.36 D) and both 12% (3.91 ± 0.83 D, p < 0.05, Dunnett T3) and 67% (3.95 ± 0.49 D, p < 0.05, Dunnett T3) contrast groups. Across the contrast groups there were significant differences between the lens thickness (F 10,86 = 2.404, p < 0.02) and vitreous chamber depths (F 10,86 = 2.480, p < 0.02) but not the anterior chamber depths (F 10,86 = 1.023, p = 0.432) or axial lengths of control eyes (F 10,86 = 1.458, p = 0.172). However, except for refractive error these differences did not occur in a manner that appeared related to the contrast level (except for comparison of 0 and 95% contrast groups). Although the effect of the treatment is more clearly observed by studying interocular difference data, that takes inherent individual variation of these parameters into account, the slight myopic shifts of the control eyes for the lowest contrast groups would cause interocular difference data to slightly underestimate the myopiagenic effect of the these targets. The lower the contrast the greater the relative myopia that was induced and the greater the resultant axial elongation, until the degree of myopia and the increase in vitreous chamber depth and hence axial length produced were similar to those induced by a blank target (Fig. 3) . Target contrasts 4.2% and lower resulted in myopic shifts and axial elongation (4.2%: RE diff = À7.48 ± 2.26 D, p = 0.987, AL diff = 0.40 ± 0.12 mm, p = 1.00; 2.1%: RE diff = À7.22 ± 2.77 D, p = 0.951, AL diff = 0.39 ± 0.16 mm, p = 1.00) that were not significantly different to those of a 0% contrast target (RE diff = À9.11 ± 4.68 D, AL diff = 0.40 ± 0.22 mm). These three contrast levels, 0-4.2%, produced a statistically homogenous group in terms of the mean refractive data (RE diff: p = 0.954), and although the variability in the refractive data was greater for the 0% target the difference in variability was not significant (e.g. RE diff SDs: 0% = 4.68 D vs. 2.77 D and 2.26 D for 2.1, and 4.2% respectively, LeveneÕs test p = 0.251). Refractive error, vitreous chamber and axial length data from these groups were statistically different from data of the highest contrast (95%) group (p < 0.0005 for all comparisons).
At the high contrast end, the three contrasts from 47.5% to 95% formed another statistically homogenous group (RE diff: p = 0.979; AL diff: p = 0.453). These animals were essentially isometropic or had low relative hyperopia induced (95%: RE diff = 1.83 ± 2.78 D; 67%: RE diff = 0.14 ± 1.84 D; 47.5%: RE diff = 0.25 ± 1.82 D) and their eyes were of similar length or slightly shorter compared to control eyes (95%: AL diff = À0.07 ± 0.10 mm; 67%: AL diff = 0.05 ± 0.13 mm, 47.5%: AL diff = 0.09 ± 0.11 mm). Refractive error and axial length difference data in these groups were statistically significantly different from data in the 0% contrast group (p < 0.001 for all comparisons).
For target contrasts in between the two extremes, the resultant average refractive error differences (33.5%: RE diff = À2.81 ± 1.80 D, 24%: RE diff = À3.45 ± 1.64 D, 17%: RE diff = À3.19 ± 1.54 D, 12%: RE diff = À4.08 ± Refractive error difference, (B) vitreous chamber difference and (C) axial length difference (mean ± SE) produced in response to targets of varying contrast. Contrast is plotted on a log 10 scale. Reductions in the average amount of myopia and vitreal and axial expansion that are seen in groups of animals exposed to a blank stimulus (0% contrast) commence at contrast levels of 6-8%. As contrast levels increase further the group averages move closer to isometropia and no axial elongation relative to the control eye. The equations for the continuous curve function trendlines shown on the graphs are, RE diff: y = 0.1022x À 6.4541 (R 2 = 0.720, p < 0.0005), VC diff: y = À0.0038x + 0.2368 (R 2 = 0.671, p < 0.0005), AL diff: y = À0.005x + 0.3796 (R 2 = 0.720, p < 0.0005), (where x = contrast in %).
3.56 D; 8.5%: RE diff = À4.09 ± 3.60 D) were significantly different from those of both the lowest (0%; RE diff: p = 0.020-0.001) and highest (95%; RE diff: p = 0.044 -0.002) contrast groups. Whereas for axial length (33.5%: AL diff = 0.21 ± 0.11 mm, 24%: AL diff = 0.27 ± 0.18 mm, 17%: AL diff = 0.22 ± 0.07 mm, 12%: AL diff = 0.30 ± 0.18 mm; 8.5%: AL diff = 0.34 ± 0.15 mm) these groupsÕ data differed significantly to the highest (95%; AL diff: p = 0.009-0.0005) but not lowest (0%; AL diff: p = 0.214 -0.999) contrast group data. Within this group of five contrast levels, i.e. with contrasts of 8.5-33.5%, refractive error and axial length difference data were not significantly different (RE diff: p = 0.090; AL diff: p = 0.116).
The refractive error, vitreous chamber and axial length difference data best fit curves were linear functions (Fig. 3) . Contrast accounted for $70% of the variations in the eye growth data (the rest presumably was due to within animal variability in eye growth or some unknown factor). The formula predicts that for a 0% contrast target 6.4 D of relative myopia will result and that this will reduce by 1 D for every 10% increase in target contrast. For axial length the prediction for 0% contrast is 0.38 mm relative axial elongation that reduces by 0.05 mm for every 10% increase in target contrast. Of course all curve fitting and predictions have limitations, for example an individual animalÕs susceptibility to myopia development is not considered in this.
For contrast levels 47.5% and higher the majority of animals (86% across all three groups) remained isometropic or close to it, for targets of 8.5-33.5% contrast, 57-75% of animals developed relative myopia greater than 2 D (65% across all three groups) and for contrasts levels 4.2% and less all animals had high relative myopia (Table 1 ). The average amount of myopia produced in those animals that developed relative myopia was reasonably similar for 8.5-67% targets (2.4-6.4 D) and greater for 4.2-0% contrast targets (7.2-9.1 D).
Discussion
We found that when using the cone system to control the visual environment of chicks and using periodic stimuli that allowed only contrast to vary, contrast levels 47.5% and higher were required to ensure that all animals remained isometropic or close to it. Contrast levels of 4.2% and lower produced relative high myopia in all animals such that the average amount of myopia was similar in degree to that produced by a blank (0%) target, although the greater variability in the data of the 0% group suggests that these stimuli were not totally interchangeable in terms of their effect on eye growth. For the range of contrasts between 8.5% and 33.5% relative myopia occurred in 65% of animals although typically to a lower degree than that observed in response to the 0% contrast targets.
When this data are compared to the contrast sensitivity of the chick which lies between 4% and 11% (Schmid & Wildsoet, 1998) for the spatial frequency that was used (1.6 cyc/deg), it is clear that contrasts below this value (4.2%) result in high myopia development in all animals. Only when the contrast of the target exceeds this threshold and thus the contrast of the retinal image exceeds that needed for its detection can emmetropizing processes operate. This in turn suggests that changes in mean luminance that are an unavoidable consequence of the use of diffusers are not a necessary part of the myopia development that occurs in response to deprivation, at least in the early stages. In addition, the contrast sensitivity data for the chick suggest that targets between 8.5 and 33.5% contrast should be visible and yet 65% of chicks developed myopia at these contrast levels and altering the contrast within this band appeared to have little impact on the numbers of animals that developed myopia. Although it could also be considered, given the fact that 35% of animals didnÕt develop myopia, that this data shows that spatial information is useful for the eye growth control system even when at relatively low contrast. It wasnÕt until a very high contrast (47.5%), one log unit greater than the contrast threshold required for the optokinetic nystagmus head tracking response, that extremely few animals developed a significant amount of myopia. This suggests that in these animals something other than the contrast level is contributing to the myopia development. The degree to which the contrast had to be degraded for myopia to occur varied for individual animals; some animals developed myopia when the contrast was degraded to a lesser extent than that which maintained isometropia in other animals. This variability has been suggested to reflect individual animals varying sensitivity to form-deprivation (Schaeffel & Howland, 1988b; Smith & Hung, 2000) . This variation in sensitivity may be due to variations in individual animals visual systems, for example their genetics, contrast sensitivity, optics or aberrations (Schaeffel & Howland, 1991; Schmid & Wildsoet, 1998; Wallman & Winawer, 2004) .
These data provide further evidence for the suggestion that the emmetropization process fails under conditions in which image contrast is degraded causing inadequate information about refractive state to be provided to the eye. In both chick (Bartmann & Schaeffel, 1994 ) and monkey (Smith & Hung, 2000) , reductions in image contrast created with diffusers cause axial myopia, the amount of which is correlated to the degree of image degradation. Considering the chick first, Bartmann and Schaeffel (1994) report on the effect of frosted occluders that had different effects on the modulation transfer function and on eye growth. Their slightly and heavily frosted diffusers reduced the contrast of the image by a similar degree for spatial frequencies above 2 cyc/deg (by $0.6 for 2 cyc/deg which equates to a 40% image contrast for a 95% contrast target and by $0.8 reduction for spatial frequencies greater than 2 cyc/deg to 9 cyc/deg which equates to $20% for a 95 % contrast target) but these diffusers produced different amounts of myopia (slightly frosted $4 D vs. heavily frosted $12 D). This difference was thus likely due to the difference in contrast reduction at the lower spatial frequencies ($1 cyc/deg: slightly frosted $0.35 reduction vs. heavily frosted 0.6 reduction; $60% vs. 35% maximal contrast). This is consistent with our data (for example, more than half the chicks developed myopia once the contrast of the target was reduced to 33.5% but very few if it was higher than this) and the prediction that it is the spatial frequencies around the peak of the contrast sensitivity curve (1-2 cyc/deg) that are most critical for the function of eye growth processes (at least in chick). We also found a grading of the amount of relative myopia that was produced as the contrast of the target was reduced but this was mostly due to some animals developing myopia and some not; individual data, i.e. the number of animals for each treatment group that developed myopia, is not provided in the paper by Bartmann and Schaeffel (1994) . Form-deprivation also appears to be a graded phenonmenon in monkeys. Only modest reductions in image contrast (0.1 log reduction for 0.125 cyc/deg through to 0.75 log units for 8 cyc/deg; for a 95% contrast target this equates to 76 and 17% contrast, respectively) produced by diffusers were sufficient to cause deprivation myopia in two out of three monkeys ($4 D) (Smith & Hung, 2000) . While in the methods we reasoned that the lens/cone system induced zero to +1.50 D of myopic defocus at the target plane it is possible (though less likely) that the thick lens formula calculations are correct ($3 D hyperopic defocus). If this were the case then the highest contrast (95%) target induced $4 D of hyperopia relative to the required refractive shift. Physiologically it is difficult to conceive why very high contrast targets would cause a hyperopic shift or maintenance of the naturally occurring hyperopia that is present. One potential explanation involves retinal contrast adaptation to the high contrast non-changing grating target. Contrast adaptation is considered an active mechanism used to increase visual sensitivity (Baccus & Meister, 2004) ; the adaptation process shifts the steep part of the contrast transfer function to match the prevailing contrast level (Greenlee & Heitger, 1988) . Viewing an unchanging high contrast grating will reduce the visual systemÕs sensitivity to gratings of that orientation and spatial frequency (Blakemore & Campbell, 1969) . Based on the assumption that this effect would be similar to reducing the actual contrast of the image and data on the effect of low contrast targets on refraction, relative myopia would be predicted in this circumstance. It does thus not appear that contrast adaptation phenomena accounts for the small amounts of relative hyperopia in response to the highest contrast targets, although the contrast adaptation that occurs in response to defocused targets has been suggested to be a possible signal for eye growth control (Diether, Gekeler, & Schaeffel, 2001) . A more likely possibility is that low levels of defocus are better able to be tolerated in this situation and thus the drive to reduce hyperopic defocus (which can be accommodated for in any case) is not as great as if the target were of lower contrast. This is, however, only supposition on our part.
This data again highlights the previous finding that in chick the refractive error of one eye can influence the other (Gentle & McBrien, 2003; Wildsoet & Wallman, 1995) , albeit to a relatively small amount as eye growth is predominantly under local retinal control (reviewed in Wallman & Winawer, 2004) . Here the animals that developed high levels of myopia in their treated eye in response to a low contrast target (>$6 D of myopia) had control eyes that were on average $ 1 to 2 D more myopic than those of animals that didnÕt have high levels of myopic anisometropia induced. How and where this interaction occurs is yet to be elucidated; however there is evidence based on the analysis of the refractive errors of chicks with optic nerve section that there are interactions between higher processing centres and the eye (Wildsoet, 2003) .
An unanswered question that remains is whether contrast itself provides the signal for emmetropization as Bartmann and Schaeffel suggest may be possible (emmetropization may take place by maximising the average retinal contrast by a long-term integrating mechanism in the retina; Bartmann & Schaeffel, 1994) or whether the prevailing contrast level modulates the retinaÕs ability to detect the key visual signal (perhaps spatial frequency content) for emmetropization. It may be that sufficient contrast is necessary for the detection or processing of this other signal rather than the contrast of the image itself being of fundamental importance. This analysis is complicated further by the suggestion that there may be multiple defocus cues that the eye can use to guide its growth (reviewed in Wallman & Winawer, 2004) . Assuming that image contrast is important in this process (which this and others data suggests), the results reported here that pertain to a target with a single fundamental periodicity do not allow us to choose between two competing explanations for a possible signal that drives the emmetropization process, which we have termed the ''single channel'' vs. ''multiple channels'' explanations. According to a ''single channel'' explanation, emmetropization is determined by image components at any one of a number of discrete spatial frequencies. The presented results allow us to add to the ''single channel theory'': ''so long as any of these components are suprathreshold''. What we refer to as a ''multiple channels'' explanation states that it is not the amplitudes of individual spatial frequency components that matter for emmetropization, but their interrelationship. In other words, it is the slope of the spectral fall-off that is used as the signal for emmetropization. There is evidence that natural images have a characteristic spectral slope which varies inversely with spatial frequency (Field, 1987) and, that when this is altered, so too is our perception of image sharpness or blurriness (Field & Brady, 1997; Webster, Georgeson, & Webster, 2002) . Image blur is thought to be part of the feedback signal for emmetropization (reviewed in Wallman & Winawer, 2004) . The reason why our present experiment cannot address this issue is because our periodic stimulus was a square wave grating and therefore contained harmonics whose amplitudes varied as 1/ spatial frequency 0.43 . It is just conceivable that emmetropization was dependent on one of or all of these harmonic frequencies (4.8 and 8.0 cyc/deg) reaching threshold. While these were only 33 and 20% of the contrast of the fundamental respectively, the decreased visibility of these frequencies could account for the variability of refractive errors observed in response to the 8.5-47.5% contrast targets. The best way to resolve this particular issue might be to assess the influence on emmetropization of images whose spectral slope is systematically varied, but whose overall contrast energy is held constant. This is currently under investigation in our laboratory.
Conclusions
When spatial frequency and mean luminance are kept constant and contrast varied, a strong effect of contrast on refractive error and eye growth is observed. Emmetropia is maintained in the majority of animals at 47.5% contrast and higher. High levels of myopia occur in the majority of animals at contrasts lower than 4.2%, which is at or below the behaviourally determined contrast threshold.
